Background-Identification of critical atrial substrates in patients with nonparoxysmal atrial fibrillation (AF) failing to respond to pulmonary vein isolation is important. This study investigated the signal characteristics, substrate nature, and ablation results of rotors during AF. Methods and Results-In total, 53 patients (age=55±8), 31 with persistent AF and 22 with long-lasting AF, underwent pulmonary vein isolation and substrate modification of complex fractionated atrial electrograms. Small-radius-reentrant rotors were identified from signal analyses of the dominant frequency and fractionation interval and nonlinear analyses (newly developed, beat-to-beat nonlinear measurement of the repetitiveness of the electrogram morphology >6 seconds).
A trial fibrillation (AF) is one of the most commonly occurring arrhythmias and can lead to significant morbidity and mortality. 1 Emerging evidence suggests that AF may not always be a totally random process and can be maintained by stable rapid reentrant circuits with fibrillatory conduction throughout the atria. [2] [3] [4] Substrate modification is an important step for patients with nonparoxysmal AF who fail to respond to pulmonary vein isolation (PVI). However, the identification of the critical atrial substrate can be both challenging and difficult. Ablation targeted either at the fractionated potential regions or at the high dominant frequency (DF) regions during AF has been proposed recently as a novel treatment strategy. [5] [6] [7] Jalife et al 2, 8, 9 demonstrated spatiotemporally organized activity in the highest DF regions during stable AF. In their studies, they observed the presence of spiral waves at the highest DF sites that maintained the fibrillatory process and were the cause of AF. In clinical observations, Sanders et al 5 reported that the high DF sites near the PV ostia were also the corresponding sites of successful ablation in some patients with paroxysmal AF. Furthermore, Lin et al 10 demonstrated that the persistent presence of complex fractionated atrial electrograms (CFAEs) before and after PVI in the vicinity of the high DF site is important for the maintenance of nonparoxysmal AF. Studies also demonstrated the presence of AF reentrant sources and rotors with fibrillatory conduction throughout the rest of the atrium. [11] [12] [13] [14] In this study, we proposed that the presence of rotors could be a significant cause of the AF maintenance in patients with persistent AF, despite PVI. characteristics of rotors. The second objective was to explore the clinical and substrate characteristics that influenced the rotors, and the third objective was to compare the efficacy and long-term outcomes of catheter ablation targeting all the CFAEs with or without rotors.
Methods

Patient Characteristics
We enrolled 53 patients (55±8 years) with symptomatic drug-refractory nonparoxysmal AF who underwent radiofrequency ablation guided by NavX system (St Jude Medical Inc, MN). The study cohort included 31 patients (58%) with persistent AF (duration <1 year but >7 days) and 22 patients (42%) with long-lasting persistent AF (duration of ≥1 year; Table 1 ). All patients presented with incessant AF in the beginning of the procedure. The patients were excluded from the study if they were in sinus rhythm or had spontaneous termination of AF before the PVI.
Electrophysiological Study
An electrophysiological study and catheter ablation in the fasting state were performed in each patient after informed consent was obtained. All antiarrhythmic drugs, except amiodarone, were discontinued for ≥5 half-lives before the start of the procedure. Overall, 19 patients (36%) were treated with amiodarone before the procedure because of symptomatic AF, but no patients received that drug during the electrophysiological procedure. Electroanatomic mapping was performed in all patients. The details of the mapping have been described in other previous studies. 10, 11 
Signal Acquisition and Linear Analysis
During AF, point-by-point mapping was performed with an irrigated 3.5-mm-tip deflectable catheter in each patient and was acquired and characterized by linear and nonlinear analysis modalities. The linear analysis recording techniques were based mostly on time-dependent derivatives, including a frequency-domain analysis (DF and harmonic index) 10,15-18 and time-domain analysis (fractionation interval [FI]).
DF Analysis
The largest peak frequency of the resulting spectrum was identified as the DF. The power of the DF and its harmonic peaks to the total power ratio was defined as the harmonic index, representing the organization and local temporal regularity of the AF. A previous study demonstrated that with a higher number of wavelets, more frequent components were added to the frequency spectra that resulted in a lower harmonic index. 18
Interval Analysis
The interval analysis was performed using the built-in software of NavX system. Continuous CFAEs were defined by a mean FI of ≤60 ms for 5 seconds. 19 Variable CFAEs had a mean FI between 60 and 120 ms, and non-CFAEs had a mean FI ≥120 ms. 19 The consistency of the fractionated electrograms was evaluated by the kurtosis. 20
Nonlinear Waveform Analysis of Fibrillation Electrogram Similarities
The step-by-step nonlinear analysis used to quantify the beat-tobeat electrogram similarity was demonstrated previously in detail ( Figure 1 and Figure I in the online-only Data Supplement). 21 In brief, the fibrillation electrogram was, first, band-passed filtered for preprocessing, and then the associated envelope was obtained by a proposed order statistic filter that intensified the important activation of the local electrograms. 22 Second, to determine the critical components of the fibrillation electrograms, the local activation waveforms (LAWs) were identified by the location where the peaks of the electrogram and envelope coincided. Third, the normalized electrograms within the LAWs could be regarded as a multidimensional vector; we used the nonlinear method to determine the functional distance between every vector (LAW) pair. The percentage of LAW pairs with a functional distance below the threshold, indicating how many pairs of LAWs were similar, could be quantified as the similarity index (SI). The order statistic filter was specifically designed to exclude the contaminator of complex signals from the SI measurement, especially for high activation rate conditions.
Detection of Rotors and Catheter Ablation
Please see the Materials in the online-only Data Supplement for the details. The detection of CFAEs was described previously. 10, 20, 23 
Follow-Up of AF Recurrence
After discharge, the patients underwent follow-up (2 weeks after the catheter ablation, then every 1 to 3 months for ≥3-month follow-up period) at our cardiology clinic or with the referring physician. During each follow-up, 24-hour Holter monitoring or cardiac event recording with a recording duration of 1 week was performed. Atrial arrhythmia recurrence, including AF and atrial tachycardia, was defined as an episode lasting >1 minute and confirmed by ECGs 3 months after the ablation. The end point of the follow-up was the clinically documented recurrence of atrial arrhythmias without any antiarrhythmic drugs at the end of repeat ablation procedures.
Statistical Analysis
Data were presented as the mean±SD if the data were normally distributed, and the non-normally distributed data were presented as quartiles (median, Q1-Q3). Nominal variables were compared with a Fisher exact test. The normally distributed continuous variables were compared using the 1-way ANOVA, whereas the non-normally distributed variables were compared using the Kruskal-Wallis test with a Bonferroni correction. The survival curves for AF recurrence were plotted using the Kaplan-Meier method, and statistical significances were examined using the Log-rank test. The level of statistical significance was set at a P<0.05 (Materials in the online-only Data Supplement for the generalized estimating equations 24 and the receiver operating characteristic curves).
Results
Mapping of the Atrial Substrate
During the initial ablation, electric isolation of the PVs was confirmed in all the 53 patients (100%). The circumferential PVI terminated AF in 16 patients (30%; long-lasting AF=0; Figure 2 ). In the other 37 patients (70%), we performed substrate mapping in the area of the primary CFAE (mean FI <120 ms), including CFAE mapping, DF mapping, and a nonlinear electrogram SI analysis ( Figure 1 ). In 8 (22%) of 37 patients, rapid repetitive activities were noted at the periphery of the maximal CFAEs (n=5; Figure 1 ) or at the maximal CFAEs (n=3; Figure 3 ). These areas were characterized by similar electrogram morphological features (high SI), a consistent electrogram interval (high kurtosis), and a narrow-peak DF in the frequency spectra (high harmonic index), indicating the rapid, repetitive, and regular fibrillatory activity. With the reference catheter located in the high DF region, activation mapping showed a rotor-like reentrant circuit and fibrillatory conduction outside of these areas (Figures 1 and 3 ; Movie I in the onlineonly Data Supplement; group 1). Overall 9 rotors were identified in 8 patients (1.1 per patient): these were located on the left atrial (LA) septum in 3 patients (38%), LA posterior wall in 3 patients (38%; Figure 1 ), anterior wall near the PV ostium in 2 patients (25%), and the LA anterior wall near the mitral annulus in 1 patient (13%; Figure 3 ). In the other patients (group 2), we could not identify any specific re-entry in the CFAEs (Movie II in the online-only Data Supplement).
Signal Characteristics of the Regions With Rotors
The mapping density of the CFAEs for patients with rotor and nonrotor was 181±52 and 172±41 sites, respectively. The activation mapping required an average of 36±10 sites per patient. The signal characteristics of the rotors were analyzed after adjusting the distance between the mapping sites (by exclusion of the points with a minimal distance of <5 mm to the nearest points), and a total of 9±5, 56±33, and 98±47 points per patient were analyzed in the inside-rotor regions, outsiderotor regions, and atrial substrate without rotors, respectively ( Table 2 ). The rotor regions were characterized by a higher mean DF, higher kurtosis, higher FI, and a lower mean FI compared with the outside-rotor regions in patients with AF termination and atrial substrate without rotors (P<0.01).
The mean rotor cycle length was 110±20 ms (100-220 ms), Figure 1 . Illustration of the substrate mapping after the pulmonary vein isolation (PVI). A, The degree of the complex fractionated atrial electrograms (CFAEs) was indicated by the level of the mean-FI. Area with a mean FI of <120 ms was considered important (nonblue areas) and a signal analysis was applied using the DF analysis (DF>7 Hz, blue area), and similarity index (SI>0.5, blue area corresponding to a mean DF of 9.1 Hz. The diameter of the rotor was 11±6 mm (8-18 mm).
In a multivariable analysis, the electrograms with a high DF, high kurtosis, and high SIs were associated with the rotor regions in the multivariable analysis on the basis of a binominal regression with generalized estimating equation (P<0.05; Table 2 ). Those parameters are complementary to each other and can provide an alternative method to detect rotors ( Figure 4 and Figure II in the online-only Data Supplement). Table 1 shows the clinical characteristics of the patients with and without rotors. The patient characteristics were similar between the 2 groups. Patients without identified rotors had a smaller LA, higher electrogram voltage, and shorter activation time in the LA. The AF electrograms had a higher DF and were less fractionated (Table S1 in the online-only Data Supplement). All of the group 1 patients had persistent AF with a duration of <1 year (P<0.01).
Comparison of Patients With and Without Rotors
Substrate Ablation Results
After the PVI, a subsequent CFAE and rotor ablation were conducted, and it terminated the AF in 15 patients (41% of 37 patients with CFAE mapping, 11 with persistent AF [73%], and 4 with long-lasting persistent AF [27%]; Figure 2 ). Procedural AF termination was obtained in 15 patients (at the septum in 5 patients [33%], roof in 3 patients [20%], posterior wall in 3 patients [20%], mitral isthmus in 2 patients [13%], and coronary sinus ostium in 2 patients [13%]). In 8 patients (53%, all persistent AF) with rotors, procedural AF termination was achieved (100%). Of those patients, procedural AF termination was compatible with rotor sites in 6 patients (75%). In 2 of the 8 patients (25%), AF was not terminated after the rotor elimination, and AF termination occurred after elimination of all CFAEs. The median ablation time for the substrate modification was shorter in the termination patients (18 [14.5-26.7 ] and 46.4 [23.1-74.4 ] minutes in rotor and nonrotor termination sites, respectively; P=0.02).
After a mean follow-up duration of 23.1 (18.6-29. 3) months, the recurrence rate among the PVI termination, rotor group, and nonrotor group of any atrial arrhythmia after the first ablation procedure was 25%, 38%, and 69% (Log-rank test, P=0.03) and after the final ablation procedure was 6%, 13%, and 28%, respectively (P=0.22; Figure 5 ). Patients without rotors had a more complex ablation strategy to achieve freedom of atrial arrhythmias after multiple procedures. The number of ablation procedures was larger in the rotor group than in the nonrotor group (1.86±0.89 versus 1.25±0.46 procedures per patient; P=0.1).
Discussion
Main Findings
This study had the following main findings: first, rotors do exist in clinical AF, and the prevalence was 15%; second, rotors could be identified by a point-by-point mapping approach assisted by an advanced nonlinear signal analysis study; third, identified rotors had a significantly higher DF, kurtosis, and SI, indicating consistent deflection intervals and highly rapid and mathematically stationary repetitive shapes; finally, the patients had a better shorter ablation/procedure time, higher termination rate, fewer requirements for repeat procedures, and better long-term outcome based on a single procedure when the rotors were eliminated successfully.
Rotors as the Mechanism of AF
Allessie et al 25 have demonstrated previously that in the model of the leading circle re-entry, electric impulses rotate around a functional obstacle. In surgical epicardial mapping, single reentrant sources in the right atrial posterior wall may drive AF in the absence of atrial automaticity, and the reentrant circuits are responsive to surgical ablation. 26 Jalife et al 2, 8, 9 used the optical mapping technique to investigate the mechanism of AF maintenance in an acute cholinergic animal model. Their study showed that the rotors displayed regular, fast, and highly organized activity, but irregular fractionated activity was observed in the surrounding areas. 8 Figure 3 . A, The complex fractionated atrial electrograms (CFAEs) in 1 persistent patient with atrial fibrillation after pulmonary vein isolation. The white area indicates the continuous CFAEs. B, An activation map showing a small-radius re-entry circuit over the left atrial anterior wall with a distance of 1.0 cm to the left pulmonary vein. C, Fibrillatory electrograms of the rotors showing a narrow-peak and higher dominant frequency (DF), higher consistency between intervals, and higher degree of a beat-to-beat similarity than the atrial substrate compared with the rotor-free areas. SI indicates similarity index. *Area covered by a small-radius re-entry circuit in the primary complex fractionated atrial electrogram is defined as an inside-rotor site and the remaining area is termed as an outside-rotor site.
†P<0.01, when compared with the corresponding points outside the rotors and patients without rotors by a post hoc analysis; OR, as presented as a per increment of 0.1 for the similarity index.
Previous studies have also demonstrated that the signal characteristics of discrete electrograms-higher DF, lowvoltage areas, higher consistency between intervals, and high-similarity electrograms-were displayed by rotors in acetylcholine-infused cholinergic AF. 2, 8, 9 In the specific areas within the primary CFAE, we found (1) less fibrillation electrogram cycle length variability; (2) a similar electrogram morphology; (3) stable activation evaluated >6 seconds; and (4) a consistent activation sequence for >75% of the cycle length, all of which were evidence of rotors.
Comparisons With Previous Studies
In paroxysmal AF, the regions with a high DF were located at the PV/PV-LA junction. 17, 27 Jalife et al demonstrated that the regions with a high DF were located in the LA outside the PV-LA junction in patients with persistent AF. 27 In addition, the DF increased with an adenosine infusion, suggesting the presence of reentrant drivers in these regions. 28 In this study, we identified the rotors after the PV ablation in the patients with nonparoxysmal AF. These rotors were observed only in a limited number of patients with persistent AF . This phenomenon is rarely observed in long-lasting patients. 11, 15 Recently, Haissaguerre et al 29 also observed focal sources of rotors among several patterns of activation in paroxysmal and persistent AF, using body surface ECG mapping and computer processing.
Beyond the mapping techniques, several points should be considered. First, the highly fractionated signals in long-lasting patients increased the challenge and difficulty of the methodology and thus compromised the results of determining the areas with consistent LAWs. Second, the electrogram voltages were decreased and often mixed with far-field electrograms. We may need a further advanced signal analysis and deposition techniques to exclude the fractionation before visualizing the rotors. Last, a reduction in the DF gradient was observed when comparing patients with paroxysmal AF with persistent AF, indicating different mechanisms for long-lasting patients. 18, 27 
Clinical Implications
First, although a simultaneous recording from multiple electrodes may provide more information as shown in the CON-FIRM (Conventional Ablation for Atrial Fibrillation With and Without Focal Impulse and Rotor Modulation) trial, 13 the basket catheter in the LA remains a risk for thromboemboli. This study demonstrated that the point-by-point approach can be a reasonable way to identify effectively the substrate with a rapid and regular activation and to determine whether the rotor is the underlying mechanism. Using the most popular substrate mapping technique and introducing a nonlinear analysis to investigate the electrogram similarity are an important first step. Second, this study demonstrated the role of rotors in maintaining AF in patients with limited persistent AF and was confirmed by procedural termination. Last, local reentries in AF regions were identified in the patients with persistent AF only; by comparison, they were rarely identified in patients with long-lasting AF.
Limitations
First, electroanatomic activation mapping was used to reveal the reentrant mechanism. Thus, we could not perform simultaneous mapping for different atrial cycles, and no unipolar electrograms were recorded with NavX. Unipolar recording may provide more information about the wave dynamics. However, the consistent cycle length (high kurtosis) and highly similar electrogram morphologies (high SI) indicate that the re-entry circuit was constantly and reliably activated over time. The mathematically stationary bipolar signals indicated a high probability of reentrant circuits in these areas. Second, amiodarone was not discontinued for >5 half-lives because all of these patients with AF were highly symptomatic. Third, this study demonstrated that activation maps were feasible only in the CFAEs with a regular, repetitive cycle length and electrogram morphology, as indicated by a higher SI and high kurtosis. Therefore, the incidence of rotors could have been underestimated in this study. Last, with limited simultaneous catheter recordings, the meandering rotors cannot be identified easily and the number of rotors may be underestimated. 12 The application of a simultaneous recording device and longer recording duration may facilitate the mapping process, as well as uncover the pathological mechanisms, in these patients.
Conclusions
In 15% of our patients with nonparoxysmal AF, the presence of rotor-like re-entry with fibrillatory conduction in the rest of the atrium was related to the AF maintenance. Patients with persistent AF who had a less remodeled atrial substrate were more likely to have reentrant AF sources. The atrial substrate was characterized by rapid repetitive activities, with a high degree of similarity between the fibrillatory electrograms. The rotors were identified by conventional point-by-point mapping and signal analyses and were eliminated by catheter ablation.
The patients in whom rotors were abolished successfully were associated with a shorter ablation/procedure time and higher termination rate and were more likely to have a long-term AFfree outcome based on a single procedure.
